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Exposure to diagnostic x-rays and the risk of leukemia, non-Hodgkin’s lympho-
ma (NHL), and multiple myeloma were studied within two prepaid health plans.
Adult patients with leukemia (n = 565), NHL (n = 318), and multiple myeloma
(n = 208) were matched to controls (n = 1390), and over 25000 x-ray procedures
were abstracted from medical records. Dose response was evaluated by assign-
ing each x-ray procedure a score based on estimated bone marrow dose. X-ray
exposure was not associated with chronic Iymphocytic leukemia, one of the few
malignant conditions never linked to radiation (relative risk [RR], 0.66). For all
other forms of leukemia combined (n = 358), there was a slight elevation in risk
(RR, 1.17) but no evidence of a dose-response relationship when x-ray proce-
dures near the time of diagnosis were excluded. Similarly, patients with NHL
were exposed to diagnostic x-ray procedures more often than controls (RR,
1.32), but the RR fell to 0.99 when the exposure to diagnostic x-ray procedures
within 2 years of diagnosis was ignored. For multiple myeloma, overall risk was
not significantly high (RR, 1.14), but there was consistent evidence of increasing
risk with increasing numbers of diagnostic x-ray procedures. These data suggest
that persons with leukemia and NHL undergo x-ray procedures frequently just
prior to diagnosis for conditions related to the development or natural history of
their disease. There was little evidence that diagnostic x-ray procedures were
causally associated with leukemia or NHL. The risk for multiple myeloma,
however, was increased among those patients who were frequently exposed to
x-rays.

(JAMA. 1991;265:1290-1294)

EACH YEAR about seven of every 10
Americans are examined radiologically1

and it is not surprising that the possible
danger associated with such exposures
arouses intense interest, as well as con-
troversy, in both public and scientific
forums.2 Estimates of the total cancer
burden attributable to medical radiolo-
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gy have clustered around 1% for leuke-
mia3 and perhaps 1% to 2% for all other
cancers.4,5 Recently, however, a Nation-
al Academy of Sciences’ committee re-
ported that estimates of lifetime cancer
risk following relatively low doses of
radiation may be as much as four times
larger than previously thought.6

Several case-control studies of leuke-
mia and multiple myeloma have evalu-
ated diagnostic x-ray procedures,7-13 but
results are inconsistent, partly because
the magnitude of the possible effect
from such low doses of radiation is so
small compared with the natural occur-
rence of cancer.14 Other limitations in-
clude the potential for recall bias in in-
terview surveys, incomplete verifica-
tion of the actual number of diagnostic

x-ray procedures, limited dosimetry,
and small study sizes such that only
very high levels of risk could be de-
tected.15,16 Further, it is conceivable that
x-ray procedures performed shortly be-
fore a diagnosis of leukemia might be
prompted by symptoms connected with
preclinical disease.17 In this circum-
stance, x-ray exposure might not be a
leukemogenic factor, but rather a mark-
er of conditions portending the develop-
ment of disease. To address these meth-
odologic issues and potential biases, we
conducted a case-control study within
two prepaid health plans.

METHODS
Population

Adult cases of leukemia, non-Hodg-
kin’s lymphoma (NHL), and multiple
myeloma were selected from computer-
ized files of two Kaiser Permanente pre-
paid health plans. Diagnoses were avail-
able between 1959 and 1979 in Portland,
Ore, and between 1956 and 1982 in
northern California. Children who were
younger than 15 years were not in-
cluded, nor were persons who were
treated previously with either radio-
therapy or chemotherapy. The histolog-
ic diagnoses recorded in the medical rec-
ords were assumed to be accurate.
Controls were matched to cases within
the same plan on the basis of sex, age,
number of years as a member in the
plan, and calendar year in which mem-
bership began. Two controls per case
were selected in Portland, and one con-
trol per case in northern California. In
northern California, some cases and
controls from previous studies of leuke-
mia and multiple myeloma were includ-
ed in the present investigation but with
more detailed information on diagnos-
tic x-ray procedures.11,18 Appropriately
matched controls could not be found for

1290 JAMA, March 13, 1991–Vol 265, No. 10 Diagnostic X-ray Procedures–Boice et al



67 cases of leukemia, six cases of NHL,
and 35 cases of multiple myeloma. Alto-
gether, 565 patients with leukemia, 318
patients with NHL, 208 patients with
multiple myeloma, and 1390 controls
were studied (Table 1).

More than 60% of the population stud-
ied were men, the median age at entry
into the Kaiser Permanente plans was
approximately 45 years of age, more
than 33% of the participants were mem-
bers for more than 15 years, and 28%
began their membership prior to 1955
(Table 2). Higher cumulative x-ray ex-
posure was associated with increased
age, longer length of membership, and
being female.

Dosimetry

Information for more than 25000 di-
agnostic x-ray procedures was abstract-
ed directly from medical records and
then classified.19 Each diagnostic x-ray
procedure was assigned a probable dose
to the active bone marrow (averaged
over the whole body), based on an ex-
tensive literature review of bone mar-
row doses associated with diagnostic x-
ray procedures over a period of almost
30 years.20-28 No new measurements
were performed.

For each individual, the cumulative
bone marrow dose was estimated by
summing the dose per examination for
all diagnostic x-ray procedures. In gen-
eral, less than five diagnostic x-ray pro-
cedures contributed between 0.00001 to
0.03 Gy; five to 14 diagnostic x-ray pro-
cedures, 0.0001 to 0.05 Gy; and 15 or
more diagnostic x-ray procedures,
0.001 to 0.23 Gy. The variation in these
numbers is due to the different bone
marrow doses associated with different
diagnostic x-ray procedures. For exam-
ple, a chest roentgenogram would
contribute about 0.0001 Gy to the
cumulative dose, whereas an upper gas-
trointestinal tract procedure might con-
tribute 0.006 Gy.

Statistical Procedures

Conditional logistic regression meth-
ods were used to estimate relative risk
(RR) and 95% confidence intervals, tak-
ing into account the varying number of
controls per case.29 Subjects were dis-
tributed over five categories of cumula-
tive bone marrow dose, and exposure
scores of 0 through 4 were assigned
based on nominal dose categories of
0.01 Gy. Because of the inherent limi-
tations in these dose estimates, they
should not be taken literally. The RRs
for each category, relative to the nonex-
posed study population, were comput-
ed. Tests for trend were based on the
significance levels for the linear slope
parameter in the matched regression

Table 1.—Distribution of Cases and Controls by Disease and Number of X-ray Procedures

*Among the exposed subjects only.
†Percentage of total x-ray procedures that were fluoroscopes, multifilm, or other procedures classified as ‘“high-

exposure” relative to routine x-ray procedures, such as chest examinations.
‡lncludes 186 cases of acute myelogenous Ieukemia, 71 cases of acute lymphatic leukemia, 73 cases of chronic

myelogenous Ieukemia, 14 cases of monocytic Ieukemia, and 14 other or unclassified cases.
§lncludes 120 cases of reticulum cell sarcoma, 191 cases of Iymphosarcoma, and seven other cases.

Table 2.–Characteristics of Cases and Matched Controls

*Among the exposed cases and controls combined.
†Percentage of total x-ray procedures that were fluoroscopes, multifilm, or other procedures classified as “high-

exposure" relative to routine x-ray procedures, such as chest examinations.

with the covariate taken as the expo-
sure scores.

The diagnostic x-ray procedures tak-
en near the time of case diagnosis were
evaluated by “lagging” or excluding ex-
posures. With a 2-year lag, for example,
the cumulative x-ray exposure for a pa-
tient who developed leukemia at age
50 years would be calculated only up to
age 48 years. The RRs and dose-re-
sponse trends were recomputed after
excluding the diagnostic x-ray proce-
dures that were performed during vari-
ous intervals prior to diagnosis. Two-
year minimal latent periods are
considered appropriate for leukemia
and latent periods of 5 to 10 years for
other cancers.30

RESULTS
More than half (51.6%) of the 25421

diagnostic x-ray procedures recorded in
the medical records were roentgeno-
grams of the chest (Table 3). The aver-
age number of diagnostic x-ray proce-
dures received by each exposed subject
was 11.6; about 12% of all exposures
were relatively high-dose fluoroscopic
or multifilm procedures. No record of a
diagnostic x-ray procedure was noted
for 11.6% of the cases and 11.2% of the
controls. About 9% of the population
was examined radiologically over 25
times. One individual underwent 142
x-ray procedures.

Table 4 shows that the 207 cases of
chronic lymphocytic leukemia (CLL)
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were exposed to diagnostic radiation
less frequently than their controls (RR,
0.66). For the other leukemias, a non-
significant 17% excess risk was ob-
served (RR, 1.17). Small nonsignificant
associations with diagnostic x-ray pro-
cedures were also seen for NHL (RR,
1.32) and for multiple myeloma (RR,
1.14).

Dose-response and lagging analyses
were carried out to clarify the possible
causal nature of these associations. For
CLL, lagging exposures had little effect
on the RR estimate until a 5-year lag
interval, when the deficit became signif-

Table 3.–Distribution of Specific Diagnostic X-ray
Procedures for All Study Subjects, Both Cases and
Controls

X-ray Procedures

*California Standard Nomenclature code.19

†We have excluded 1649 x-ray procedures because
their contribution to bone marrow dose was less than
0.00001 Gy. Practically all involved the hands or feet.

‡Difference from 100% due to rounding.

icant (RR, 0.51). For the other leuke-
mias combined, pattern of risk ap-
peared to flatten over categories of
exposure when exposures just prior to
diagnosis were excluded.

Similarly, the risk for NHL dropped
to normal levels (RR, 0.99) when x-ray
procedures performed within
2 years of diagnosis were excluded.
With the elimination of these recent di-
agnostic x-ray procedures, a dose-re-
sponse trend of borderline significance
was no longer evident.

For multiple myeloma, the exclusion
of x-ray procedures performed within
2 years of diagnosis increased the RR
slightly, from 1.14 to 1.33. However, in
contrast to the results for leukemia
and NHL, the dose-response trend did
not change appreciably. All of the
trends approached statistical signifi-
cance, mainly because of the high RR
seen among those patients in the high-
est x-ray exposure category (mean
number of examinations, 39). For the
135 cases who contributed to an analysis
with a 10-year lag interval, the RR
equaled 1.50, and there was continued
evidence of a dose-response relation-
ship (trend P = .05). The association
with x-ray procedures was evident only
in northern California and only in wom-
en (RR, 3.8) and not men (RR, 0.7).

COMMENT

It is no longer disputed that ionizing
radiation is a cause of cancer. Consider-

able controversy exists, however, over
the magnitude of the risk from low-level
exposures delivered over many years,
such as experienced in the healing arts.
Despite an extensive evaluation of the
radiologic experience of 565 cases of leu-
kemia and 318 cases of NHL within two
large health maintenance organiza-
tions, we were not able to demonstrate
convincingly an association with diag-
nostic x-ray procedures. On the other
hand, very large numbers of x-ray pro-
cedures appeared to increase the risk of
multiple myeloma after a relatively long
latency period.

Leukemia

There was no evidence that diagnos-
tic x-ray procedures increased the risk
of developing CLL, a tumor that has
never been linked with exposure to ion-
izing radiation.31-33 Interestingly, ex-
cluding exposures that were performed
within 5 years of diagnosis resulted in a
significant negative association with
use of diagnostic x-ray procedures. The
reasons for this “protective effect” are
not entirely clear, and might be due sim-
ply to chance or to a peculiar ascertain-
ment bias discussed below. Bias in the
recording of diagnostic x-ray proce-
dures seems unlikely, because abstrac-
tors were not aware whether a case or
control record was being abstracted.

For the 358 cases of leukemia other
than CLL, risk among the most heavily

Table 4.–Matched Relative Risk (RR) of Diagnostic X-ray Procedures and Leukemia, Non-Hodgkin’s Lymphoma, and Myeloma by Exposure Score and Various

Exposure-Lag Categories*

*The interval prior to the diagnosis of each malignant disease for which the x-ray exposure is ignored.
†RR for any x-ray exposure vs none.
‡Mean number of x-ray procedures is presented for all cases and controls combined and differed slightly among the individual disease groupings.
§ P < .05.
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x-ray-exposed cases dropped to near
normal levels when recent x-ray proce-
dures were excluded from the analyses.
This implies that many diagnostic x-ray
procedures were performed for condi-
tions, such as an increased susceptibil-
ity to infections, that occurred during
the precursor or early stages of leuke-
mia. There is a minimum time required
for a cancer to develop after radiation
exposure. For leukemia this minimum
latency period is about 2 years, and any
x-ray procedures that occurred within
this interval are unlikely to be related
causally to the disease. Exposures that
occur within 2 to 5 years prior to diagno-
sis could, conceivably, affect disease oc-
currence. However, more than half of
any radiation-induced leukemias would
be expected to occur 5 years or longer
after exposure, and some as long as
30 years later.6 Excluding x-ray proce-
dures performed 4 years prior to diag-
nosis revealed a flat dose-response rela-
tionship and no increased risk among
subjects with the greatest x-ray expo-
sure, and thus provided little support
for an association between diagnostic
x-ray procedures and leukemia, which
was suggested in several previous se-
ries. 8,9,13 One study reported a signifi-
cant association between diagnostic
x-ray procedures and chronic myeloid
and monocytic leukemias based on per-
sonal interviews of 136 cases and 136
neighborhood controls.13 In our series
there was no overall association be-
tween diagnostic x-ray procedures and
chronic myeloid and monocytic leuke-
mias (RR, 0.93; 95% confidence inter-
val, 0.3 to 3.3). These analyses, howev-
er, are based on only 87 cases of chronic
myeloid and monocytic leukemias.

Studies of pioneering radiologists and
medical x-ray technologists in the Unit-
ed States,34,35 England, 36 and China37

have shown that leukemia can result
from frequent exposure to low doses of
radiation over many years, although the
cumulative doses were likely quite large
and between 1 and 8 Gy. Among patient
populations who were exposed to diag-
nostic radiation, no excess leukemia has
been reported among patients with tu-
berculosis who were subjected to re-
peated chest fluoroscopies,38 women
who were exposed to frequent spinal
diagnostic x-rays to monitor scoliosis
during adolescence,39 or children who
were exposed to lengthy fluoroscopes
during heart catheterization proce-
dures. 40 It is generally found in animal
experiments that protracting x-ray ex-
posures over time usually results in
much lower leukemia risks than from
single, brief exposures of the same total
dose, supposedly related in part to a
greater opportunity for cellular mecha-
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nisms to repair radiation damage.41 Fur-
ther, the prevailing dose-response mod-
el for leukemia is linear-quadratic in
dose, which means that the risk per unit
dose is lower at low doses than at higher
doses. 6

NHL

The 318 cases of NHL were exposed
to diagnostic x-ray procedures more of-
ten than controls, but no relationship
was seen when recent exposures were
excluded. This pattern also suggests
that the diagnostic x-ray procedures
were administered for conditions that
arose during the early phases of lym-
phoma development. This interpreta-
tion is supported by the available epide-
miologic evidence that suggests that
NHL may arise only following very
high-dose, possibly near-lethal, expo-
sures.31 Patients who were given radio-
therapy for spondylitis12 and cervical
cancer, 43 for example, appear at in-
creased risk. Early studies of atomic
bomb survivors suggested an excess of
NHL,44 but recent surveys have not
been confirmatory.32 Except for an
American survey,35 studies of radiolo-
gists and x-ray technicians have not re-
ported elevated rates of NHL.36,37

Myeloma

Overall, the 208 cases of multiple my-
eloma did not receive significantly more
x-ray exposure than controls (RR,
1.14); however, there was consistent
evidence for a dose-response trend re-
gardless of the lagging interval. The
most frequently exposed were at high-
est risk, reaching fourfold. The causal
nature of the association between ioniz-
ing radiation and myeloma has been
questioned.31,45 Although some studies
are positive, 32,46-48 others are not. 38,43,49,50 A
recent case-control study of 399 cases of
myeloma and 399 controls in England
found no association with diagnostic
x-ray procedures,12 nor did a previous
medical record review study of 327
cases and 327 controls.11

Methodologic Issues

Several strengths and weaknesses of
our study should be considered when
interpreting the results. Because all in-
formation relating to diagnostic x-ray
exposure was abstracted from the medi-
cal records of clinics and hospitals with-
in prepaid health plans, the possibility
of recall bias was eliminated. The ab-
sence of an x-ray exposure association
with CLL, a malignant condition not
known to be caused by radiation, sug-
gests that the abstraction and dosime-
try procedures were performed without
serious bias. Surveillance bias also
seems unlikely, because cases and con-

trols were at equal risk for having their
diagnostic x-ray procedures recorded
and they had equal opportunity for be-
ing diagnosed with a hematologic malig-
nant condition. Our survey is one of the
largest so far to evaluate the risk of
adult leukemia associated with diagnos-
tic x-ray procedures, thus minimizing
the role of chance.

Ascertainment bias, however, might
operate in several ways. If a patient was
being examined for an unrelated condi-
tion, there would be an opportunity to
diagnose one of the index malignant con-
ditions being studied. The x-ray expo-
sure might be excessive, then, just prior
to the incidental diagnosis of an index
malignant condition, simply because of
the workup for an unrelated problem.
However, the influence of unrelated
conditions might be different for dis-
eases such as CLL, which can remain
indolent and undiagnosed for many
years. Among persons with CLL, the
workup for an unrelated condition
might include blood tests leading to the
diagnosis of CLL. Among controls, such
a workup might lead only to increased
diagnostic x-ray procedures. Conceiv-
ably, such a peculiar “ascertainment
bias” may explain the inverse relation-
ship observed between diagnostic x-ray
procedures and CLL.

Since no actual radiation dosimetry
was performed, these data can only be
used to estimate radiation risk in a semi-
quantitative manner. Although counts
of x-ray exposure were accurate, the
conversion of these counts to bone mar-
row doses was based on assumptions of
average values from the literature. In
addition, diagnostic x-ray examinations
that were repeated because of inade-
quate initial radiographs would not
have been recorded, and exposure
times for fluoroscopic machines could
vary appreciably, from several minutes
to over an hour. Exposures also came
from a great many machines, and there
is a wide range of doses possible for a
given examination.51 Accordingly, ana-
lyses were conducted using exposure
scores and numbers of x-ray procedures
to avoid the misrepresentation that
“real” doses were determined. Risk es-
timates per 0.01 Gy could be in error by
a very large factor. On the other hand,
differential biases in assigning scores to
cases and controls were unlikely, and
subjects could be separated into rela-
tively broad categories of x-ray expo-
sure. That is, subjects who were ex-
posed to diagnostic x-ray procedures
more than 40 times likely received more
dose to bone marrow than subjects who
were exposed to x-ray procedures only
five times. Finally, coverage under the
health plans spanned 5 to 25 years, so
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that an assessment of an individual’s
lifetime exposure to x-rays was not
possible.

In summary, our findings are, for the
most part, reassuring, and confirm that
diagnostic x-ray procedures are unlike-
ly to be a major cause of leukemia, lym-
phoma, or myeloma in our society.
Nonetheless, the potential hazards
from radiologic examinations should be
weighed against the medical benefits.1,52

Nearly 90% of the total collective dose
to the population from man-made
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